PCX 

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(51) International Patent Classification 6 ; 
HOIL 20/78, 27/04, 29/52, 31/00 



(11) International Publication Number: 
(43) International Publication Date: 



WO 98/34269 

6 August 1998 (06.08.98) 



(21) International Application Number: PCT/US97/01885 

(22) International Filing Date: 4 February 1997 (04.02.97) 



(71) Applicant: CALIFORNIA INSTITUTE OF TECHNOLOGY 

[US/US]; 1201 East California Boulevard, Pasadena, CA 
91 125 (US). 

(72) Inventors: TAI, Yu-Chong; 369 S. Grand Oaks. Pasadena, CA 

91 107 (US). WRIGHT. John, A.; Apartment #17, 1001 East 
Villa, Pasadena, CA 91125 (US). 

(74) Agent: HARRIS, Scott, C; Fish & Richardson P.C., Suite 
1400, 4225 Executive Square, La Jolla, CA 92037 (US). 



(81) De-signated States: JP, European patent (AT, BE, CH, DE, DK, 
ES, FI, FR, GB, GR, IE, IT, LU, MC, NL, PT, SE). 



(54) Title: MICRO-ELECTROMECHANICAL RELAYS 




(57) Abstract 

A micro-electromechanical relay ("micro-relay") designed to both miniaturize and improve upon present day electromechanical relays. 
The micromachining fabrication process used to make the inventive micro-relay is based upon technology originally used by integrated 
circuit (IC) manufacturers. In simplest terms, the preferred inventive process consists of three steps, all performed using micromachining 
techniques. First, a layer of magnetic material is laid down on a substrate and patterned into a desired shape. Next, an electromagnetic coil 
(3) is created adjacent this material. Finally, a second layer of very efficient magnetic material is laid down adjacent the first two layers, 
forming a magnetic circuit, and having a portion fashioned into a deflectable structure, such as a cantilever beam (4A). The deflectable 
structure (4A, 4B) has at least a portion that is suspended over or adjacent to at least one electrical contact. In operation, cunrent passes 
through the coil (3), clausing the deflectable structure (4A, 4B) to defect, and either make or break contact with the electrical contacts. The 
invention includes a unique unpowered hold feature. By integrating an electrostatic actuating capacitor into the micro-relay, an electrostatic 
force can be generated between the cantilever beam and the substrate (1) of the micro-relay that is strong enough to hold the relay in the 
"ON" position. Turning the relay "OFF" requires only that the voltage be removed. 
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MICRO-ELECTROMECHANICAL RELAYS 



BACKGROUND OF THE INVENTION 

1 . Field of the Invention 

This invention relates to miniature electrical relays and methods of makinu same using 
micromachining techniques. 

2. Description of Related Art 

Electromechanical relays are switching devices typically used to control high power 
devices. Such relays generally comprise two primary components - a movable conductive 
cantilever beam and an electromagnetic coil. When activated, the electromagnetic coil 
exerts a magnetic force on the beam in the same way that a magnet will pick up a nail. 
This causes the beam to be pulled toward the coil, dovvm onto an electrical contact, closing 
the relay. In one type of structure, the beam itself acts as the second contact and a wire, 
passing current through the device. In a second type of structure, the beam spans two 
contacts, passing current only through a small portion of itself. 

The strength of the magnetic force produced by the coil is a function of the material used 
■'in' the device, the number of turns in the coil itself, and the amount of current passing 
through the coil. In a typical device, a large number of turns is used so that the current 
drawn by the coil is much less than the current switched by the relay. 

Designed as "ideal" switches, relays are treated as short-circuits when closed and as 
open-circuits when open. Typical "ON" resistances are O.SQ or less. When open, the 
switches are a physical break in the circuit, providing very high "OFF" resistance on the 
order of 10 MO. or more. Because a relay is a closeable break in the wiring of a circuit, 
there are very few constraints as to how or where they can be used in a circuit. In contr^t, 
circuits using solid state switches such as power transistors and MOSFETs must be 
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aes,gned.oa,.owoneof.he.e™.na,sof*eswUcH.o be connected .ooneo. he powe 

J,,. .-ON" and -OFF- res,s.ances of such dev.ces also tend .0 be worse by an order 
„f™a.„,.ud=orn,orerban*oseofe.ec.o.a,„encr=.ays.Fur.her.soHdsta.ere,a,soften 

l^Je iar.e, e.pens.ve .ear s,n.s w,re„ passin. b„K c.rrenr loads, a ,.nr.ra„on 
eliminated by electromechanical relays. 

SoUd srare relays and power .ransrs.crs are small, .bus allow.n. the. ro be used where 
spaee,sa.apren.unr.Microe.ec.ro.echan,ca.relays(n,icrore,ays)have been proposed 

: an auerna.,ve ,o power eleCron.cs w„h nros. of .he beneFus of con.en.,o„ 
e,ec.ron,echanrca,relayshu.sized.of,..heneedsofn,oderr,e,ec.ron,csys.en.s^e.^ 
example. Hosaka « E,~s.^,<c mcro,.iays: Concep. an, Fun,a^en., 
aaracnsnc., IEEE 0-7803-0957-/93 (.993), arrd references c.ed .herem. 

However,pncrnucrore.aysareover,ycon,p.exanddifficuU.onaanufacu,re. Accordingly^ 
,e presen. .nven.ors have reco.n.ed .ha. .here .s a need for .mproved des.gns and 
manufacturing techniques for microrelays. 
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SUMMARY OF THE INVENTION 

The micro-electromechanical relay ("micro-relay") of the present invention is designed 
to both miniaturize and improve upon present day electromechanical relays. The 
micromachining fabrication process used to make the inventive micro-relay is based upon 
technology originally used by integrated circuit (IC) manufacturers and, other than 
packaging, eliminates the need for expensive device assembly. 

In simplest terms, the preferred inventive process consist of three steps, all performed 
using micromachining techniques. First, a layer of magnetic material is laid down on a 
substrate and patterned into a desired shape. Next, an electromagnetic coil is created 
adjacent this material. Finally, a second layer of very efficient magnetic material (such as 
permalloy) is laid down adjacent the first two layers, forming a magnetic circuit, and 
having a portion fashioned into a deflectable structure, such as a cantilever beam. The 
deflectable structure has at least a portion that is suspended over or adjacent to aHeast one 
electrical contact. In operation, current passes through the coil, causing the deflectable 
structure to deflect, and either make or break contact with the electrical contacts. 

The integrated fabrication process for the inventive micro-relay, combined with the small 
size of the micro-relay, makes possible a unique unpowered hold feature. The inventive 
-micro-relay uses an electrostatic hold feature which holds the relay in the "ON" position 
by applying a small, zero-current voltage. By integrating an electrostatic actuating 
capacitor into the micro-relay, an electrostatic force can be generated between the 
deflectable sunacture and the substrate of the micro-relay that is strong enough to hold the 
relay in the "ON" position. Turning the relay "OFF" requires only that the voltage be 
removed. Since the voltage is applied to a small capacitor, negligible current is drawn for 
this holding function. This method removes the need for additional parts and labor during 
fabrication since the addition of the electrostatic actuating capacitor can be integrated into 
the design of the micro-relay with almost no change to the process. As an additional 
embodiment, the prior art technique of adding a magnet to the circuit can also be easily 
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coLercia. des.gns can be produced wUh neglig.b.e change ,0 .he prccess^ 

The benerus and ..prcve.encs of the invent. ve n„cro-re,ay ate — 
nnctotnach,n,ngfabnca.ion process peunusa^agneticctcuitto be tncotpotatedtntoth 

aes,gn in an econotn.cal and ptact.ca, ntannet. Th.s feature can be used to e.ther reduce 
fabr,ca.,oncon,,e.t.croperat.n,po«erof.hedev,ce. Because the process .sbase^^^^^^ 

,C ntanufactur,ng technology. ™n,atun.a.,on ts possibte. As an example o, what 
posstbie. present davelectro^agnettcrelaysofabout one cubtcnch can be reduced do«n 

Lhtpssevera, square nr,U,nteters,trarea.Th,sbe,ngthecase.suchnt.cro.rea.scanbe 
packaged like an IC, where the paCagtng would don„„ate the ult.ntate s,ze o, the dev.ce. 
Pabncation of tntegrated crcuits can also be tntegrated into the nucro-re.ay process. 
plt..ngcon.roUircu,trytobeaddedonanr.cro.relaych,p.S,nce.he"ON..res.st^^^^ 
rfthen^L-relaydevtcetspotentiallyvery low. heat disstpation and power lossdue to 

relatively high currents ,s not a large constram. on miniatunzatton. 

With reduced stze, an additional benefit of the tnvention ts a higher frequency response^ 
The h,gher frequency response ,s a direct result of ntiniaturtzation since, as the ntass 
ledeLtable structure becomes snta.ler..he speed w,th Which ttcandeflect become 

.educing the dev.ce. "bounce" tlnte C... the length of time durtng sw.tchtng when 
electrical contact between the input and output is unstable). 

The detatls of the preferred entbodtment of the present rnvention are se, forth in the 
lpanyingdra.ngsandthedescr.p..onb=,ow.Once.hedetailsofthe— n^ 
known.numerousaddttionaHnnovat,ons and changes will beeonteobvrous to one s.„.ed 

5 in the art. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

FIGURE 1 A is a top view of a first embodiment of a micro-relay made in accordance with 
the present invention. 

FIGURE 1 B is a first cross-sectional view of the micro-relay of FIGURE 1 A. taken along 
line A-A' of FIGURE 1 A. 

FIGURE IC is a second cross-sectional view of the micro-relay of FIGURE lA, taken 
along line B-B' of FIGURE 1 A. . 

FIGURE ID. is a cross-sectional view of an alternative embodiment for the micro-relay 
of FIGURE 1 A. taken along line B-B' of FIGURE 1 A. 

FIGURE IE is a cross-sectional side view of an alternative cantilever beam for the 
micro-relay of FIGURE 1 A. 

FIGURE 2A is a top view of a second embodiment of a micro-relay made in accordance 
with the present invention. 

-FIGURE 2B is a first cross-sectional view of the micro-relay of FIGURE 2 A, taken along 
line A-A' of FIGURE 2 A. 

FIGURE 2C is a second cross-sectional view of the micro-relay of FIGURE 2A, taken 
along line B-B' of FIGURE 2A. 

FIGURE 3A is a top view of a third embodiment of a micro-relay made in accordance 
with the present invention. 
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P,OURE 3B . a cro.s-sec.on. view of a fi.. e.bodi.en. for ^co.e.a, of 
FIGURE 3A. talcen along line A-A' of FIGURE 3A. 

nOURE 3C .s a c.oss-sec.on. v,ew of an aUe.anve en..oa..e. for .e ..ro-re.. 
of FIGURE 3 A. taken along line A-A' of FIGURE 3 A. 

imbodiment for the 



FIGURE 3D ,s a cross-secdonal v,ew of another aUernat.ve e. 
„,cro-relay of FIGURE 3A, taken along Une A-A of FIGURE3A. 

of a fourth embodiment of a m.cro-relay n^ade ,n accordance 



FIGURE 4A is a top view 
with the present invention. 

FIGURE 4B is a first cross- 
line A-A of FIGURE 4A. 



.sectional view of the micro-relay of FIGURE 4A, taken along 



t.onal view of the micro-relay of FIGURE 4A, taken 



FIGURE 4C is a second cross-secti< 
along line B-B" of FIGURE 4A. 

P,GUKE 5 A .s a top v.ew of a smg.e-ccntact embodiment of a m.cro-relay made ,n 

accordance with the present invention. 

nGURE3BtsartrstcroS3.sect,onalviewof.hemtcrc-relavofFIGURE3A, taken along 
line A- A of FIGURE 5 A. 

P,GURE 5C ts a second cross-secttonal view of the micro-relay of FIGURE 5A, taken 
along line B-B' of FIGURE 5A. 

HGURESAshowsacross-sectionofarelay contact headofamtcrc-relaytncorporating 
mini-lightening rods. 
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FIGURE 6B is a top x-ray view of the head shown in FIGURE 6A. 

FIGURE 7 is a schematic diagram of an embodiment of tiie present invention showing 
lightening rods patterned into stationary contacts. 

FIGURE 8 is a cross-sectional view of the preferred fabrication stages for the embodiment 
of the present invention shown in FIGURE 4A, taken along line A-A' of FIGURE 4A. 

FIGURJE 9 is a cross-sectional view of the preferred fabrication stages for the embodiment 
of the present invention shown in FIGURE 4A, taken along line B-B' of FIGURE 4A. 

FIGUFLES lOA and lOB are cross-sectional side views of the preferred fabrication stages 
for the coil structure of a three-coil embodiment of the present invention. 

FIGURES 1 1 A and 1 1 B are cross-sectional side views of the preferred fabrication stages 
for the cantilever beam of a three-coil embodiment of the present invention. 

FIGURE 12A is top view of an alternative embodiment of the present invention, showing 
three coils. 

FIGURE 12B is a cross-sectional view of the structure in FIGURE 1 2 A, taken along line 
A-A' of FIGURE 12 A. 

FIGURE 12C is a cross-sectional view of the structure in FIGURE 12 A, taken along line 
B-B' of FIGURE 12 A. 

FIGURE 13 is a cross-sectional view of the preferred fabrication stages for the 
embodiment of the present invention shown in FIGURE 12 A, taken along line A-A' of 
FIGURE 12A. 
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I v,w of the oreferred fabrication stages ibr the 
FIGURE 14 is a cross-sect.onal v,ew ot the preterr 

1 in FIGURE 12A. taken along hne tJ-ts oi 
embodiment of the present invenuon shown m FIGUKL 

FIGURE 12A. 

FIGURE 15A ,s lop v.ew of an alternative embodiment of the present tnvent.on. showing 
a recessed fabrication switch design. 

FIGURE . SB is a cross-secfona, v,ew of the structure in FIOURB . 5 A, taken a,c„s the 
cantilever beam in FIGURE 15 A. 

FIGURES ,6AandI6Barecross-sectionaIv,ewsofthe preferred fahrtcat,onsta,es for 
.He emhodtntent of the present invention shown ,n FIGURE .3A, ta.en alon, the 
cantilever beam in FIGURE ISA. 

FIGURE . 7 A is top v,ew of an altema.tve embodtntent of the present tnvent.on. showing 
a double-sided fabrication switch design. 

FIGURE I7B IS a cross-sectional view of the structure in FIGURE 17 A, taken along the 
cantilever beam m FIGURE 17 A. 

thp nreferred fabrication stages for the 
FIGURE 18 is a cross-sectional view of the preterrea 

. u in FIGURE 17A taken along the cantilever 

embodiment of the present invention shown in FIGURE / A, 

beam in FIGURE 17 A. 

f oit^mative cantilever beam designs in which the 
FIGURES 19A and 19B are top views of alternative cantuev 

flux path and bendmg force properties can be designed separately. 
, Ukereferencenumbersanddesignationsmthevariousdrawingsindicatelikee™ 
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DETAILED DESCRIPTION OF THE INVENTION 

Throughout this description, the preferred embodiment and examples shown should be 
considered as exemplars, rather than as limitations on the present invention. 

The micro-electromechanical relay ("micro-relay") of the present invention is designed 
to both miniaturize and improve upon present day electromechanical relays. The 
micromachining fabrication process used to make the inventive micro-relay is based upon 
technology used by integrated circuit (IC) manufacturers and, other than packaging, 
eliminates the need for expensive device assembly. 

The motivation for a micromachined micro-relay is two-fold. On the financial level, a 
simple, inexpensive fabrication process is needed to ensure the device can compete with 
products already on the market. On the technical level it is desired as a small and reliable 
relay capable of passing several amps of current. An additional benefit of using 
micromachining is that the circuitry used to control the latching of the relay and to 
provide the power for that latching can be incorporated into the device, reducing 
component count and assembly time and cost. 

Overview of Micro-Relay Designs 

The micro-relay of the present invention is fabricated by a process that is based upon 
micromachining technology originally used by IC manufacturers and, other than 
packaging, eliminates the need for expensive device assembly. 

In simplest terms, the inventive process consist of three steps, resulting in a variety of 
equivalent structures. For example, FIGURES lA through 4C depict several different 
types of structures that can be made by the present invention. Each structure features a 
magnetic circuit, an electromagnetic coil, and a deflectable structure, such as a cantilever 
beam, with at least one contact point. They differ mainly in the design of the electromag- 
netic coil and in the manner in which the magnetic circuit is implemented. In each design. 
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..«„ec,c p«n,eab,>Uy (.... -so.V n^agncuc .a,ena,s such as pe™a„o>.. Sendu. 
,„;e™anov, «c) . la,d down on a substrate 2 and pauented .n.o a des.ed shape. Ne^t, 
.„ e,e=.on,a.ne„c coil 3 ,s created in magnetic creuU with .his frst layer In ,he 

.nciudin. muUiple wrndings and stacked w.nd.ngs, ..ay be used. The ends .a. .b of ,he 
coil 3 a. coupled .o a power source (no. shown). Finally, a second layer 4 o. very 
effrcen, ntagne.ic n,a.er,a. havrng high n.agne.,c permeabiliry is laid down ,n magne.,c 
circui. wi.h the firs, .wo layers 1. 3 .0 complete the process. 

,nthe preterred e.bod.ment. the two layers of nragne.ic ma.er.al 1,4 overlap each o.her 
nt one pen. 5 abou. which the co,. 3 is wrapped. This creates a planar soleno.d tha .s 
very efficient at generatrng magnetic force. The first layer 1 of magnet.c ma.erra .s 
included .0 creare a magne.,c c.rcui,. By prov.ding such a circui., .he force produced by 
the electromagne.,c co,l 3 can be concen.rated a. a desired point. Thus, less energy ,s 
wasted and the micro-relay becomes nroreeffrcient. Many elec.romagnet,c relays do no 

employ this type of des.gn and as such must use larger currenrs and a greater num er 
Is ,:.Jco,ls. However, any placeme„tofthecoU3w,threspect to the two layers 

of magnetic material 1 , 4 may be used so long as a magnetic c.rcuit is ferried. 

,„.,he preferred embodiment, a portion of the second layer 4 of magneuc ma.erial is 
„in.oacant,.everbeam6such that the free end7ofthe bean, tssuspended^^^^^^^^ 
n. ,eastoneelectricalcontact8.However, any defiectable structure can eud h^a^ 
3 .,ee-saw" p.votable beam or plate, a double-end supported beam or plate tha. defiect 
near the middle, a .ors.cn beam, .c. For sake of example only, a cantUever beam ,s used 
in the following embodiments. 

, FIGURES . A, IB. IC, and ID dep.ct a coreless planar type structure havmg an input 
contact 8a and anon.pu.con.act 8b. one end3aof.hepla„arcoU3,s coupled toapower 
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desired. In operation, application of current to the coil 3 pulls the free end 7 of the 
cantilever beam 6 into contact with both the stationary contacts 8a and 8b. In FIGURE 
IC. current can either pass in either direction between contacts 8a and 8b through the free 
end 7 of the cantilever beam 6. If desired, the contacts 8a and 8b can be patterned with 
contact bumps 1 0 made of a conductive material, such as contact metal, as shown in 
FIGURE IC. to provide more reliable contact points. 

This design is very straightforward because interconnects between the different layers is 
kept to a minimum. Because of the close proximity of the "poles" of a micromachined 
planar coil, the addition of a core is not expected to greatly enhance the magnetic circuit's 
ability to concentrate the magnetic field of the coil 3. Eliminating the core makes for 
easier fabrication as well as permitting the first and second layers 1 , 4 of magnetic 
material to be electrically isolated. This allows the first layer 1 to act as one of the 
terminals for the coil, further reducing fabrication complexity. 

FIGURES 2A, 2B, and 2C depict an electromagnet type structure having stationary 
contacts 8a and 8b. In this embodiment, one end of the second layer 4 is in electrical 
contact with the first layer 1 to form a solenoid core 12, with the planar coil 3 formed 
around the core 12. By having a core 12 of magnetic material through the interior (e.g., 
center) of the coil 3, the efficiency of the concentration of the magr^etic field generated 
upon energizing the coil 3 is greater than in the design of FIGURE 1 A. In operation, 
application of current to the coil 3 pulls the free end 7 of the cantilever beam 6 into 
contact with both the contacts 8a and 8b. Again, current can pass between the contacts 8a 
and 8b through the free end 7 of the cantilever beam 6. The addition of the core makes 
fabrication slightly more difficult and sets constraints on the circuit in which the 
micro-relay can be used if the magnetic material is to be used as one of the terminals of 
the coil 3. However, the greater magnetic field generated by this structure means that less 
current is required for operation. 
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,„ a vanauon „f .he suuc.u.. shown ,„ FIGURES ,C and 2C, .he free end 7 .h 
can.,l=ve. bea. 6 ,s coa.ed w„h an ,nsa>a.ine taye. ,3 and conducive comae. H s 
,„ >n FIGURE ,E. This con.ac, ,4 for the can.,lever beana 6 ,s .so.ated t.cm .he 



show 



.a,„e..cc.cu,...scU:n,.hecon.ae.H.enaovesn,os.e,ec...ca,.es.nc..onson.H=^ 
of .he n,lcrc-relay .ha. be .mposed If .he .agncc n.a.ena, of .he end of .he 

camilever beam 6 ,s used as pan of the elec.rical crcu,.. 

The ,n.eg,a.edfabrica.,o„ process for*e.nven.iven.c.o-.e,a,.co.b,nedw..h.hesn,an 
s,.eof.hen,icro-re,ay,n.a.espossib.eaani,ueu„pow=redho,dfeanrre.Many.rad,..ona, 

relays require .ha. curren. be cons.an„y passed .hrough ..s electror^agneUc co.l 
„a.n.ai„ .he relay in ..s -'ON- pos.rion^ Th,s re,u.r=n,e„. can be eh.rna.ed by us.n, a 
smaU per.ane„. magne, .o hoid .he reiay ,„ .he .'ON- posr.ion after ^^^^^^^ 
.Kecoii A reverse coil curren. mus. .hen be appUed.o .urn .he dev,c= OFF Whde 
e,i.ina.,n6Consu..powerd,ssipa.,on,.hisfea.ureaddsconrpie.,.yandcos..o.hedev.ce 

and to the controlling circuitry. 

The ,nver..ive m.cro-reiay uses an =.ec.ros.a.ic hold fea.ure which holds .he relay in .he 
..ON"pos,.icnbyapply,ngas.all,zero-curren.vol.age.Byin.e6ra.ingam.cron,ach.ned 

e,ec.ros.a..c ac.ua..ng capac.or ,n.o .he micro-relay, an elec.ros.a.,c force can b 
,enera.edbetween.hecau„leverbeamandanopposingelec.rodeon.hesubs.ra.of.h 

.micro-re.ay.ha.,s strong enough .oho,d.he relay in,he"ON"pos,.ion.Tun,.ng*e re. 

..OFF" requires only ,ha. .he voltage be removed. Since .he vol.age ,s apphed Co a small 
capac,.ornegligiblec^en.isdrawnfor*,sholdmgft.ct,on.No.onlydoes.h.sr=duce 

Lco Jmp.,onbu.also devicehea..ng.Th,sfea.ure.s made poss,b,eby the act.h. 
when "ON .he nucro-relay's cant.lever beam 6 will be in very close prox.m.ty (abou. 
, .0 ,m or less, .0 .he subs.ra.e. A. .h.s small distance, the eleCrostattc force ts quue 
,3rge While an .mprac.tcal several hundred volts would be reqmred .o .ur^ th 
mrcro-relay "ON" us.ngacapac,.or,only5.o,0volts(andessent.a,,y no curren. w^^^^ 

used .o ac.iva.e the electromagnetic coil 3 can be used to acuvate the hold electrodes. 
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The electrostatic hold structure removes the need tor additional parts and labor during 
fabrication since the addition oFthe electrostatic actuating capacitor can be integrated into 
the design of the micro-relay with almost no change to the process. Since a bi-directional 
coil current is not needed for release, controlling circuit complexity and cost is reduced. 

FIGURES 3 A and 3B depict a structure (coreless solenoid or electromagnet) that makes 
use of this electrostatic hold concept. In this excimple, the cantilever beam 6 is lengthened 
to form an interaction point. The interaction point includes a capacitor 19 comprising an 
upper holding electrode 20 separated by an insulating layer 21 from the end of the 
cantilever beam 6, a lower holding electrode 22, and a contact 23 coupled to the upper 
holding electrode 20 (e.g., by wire bond connection). Preferably, the magnetic material 
layers 1 and 4 are electrically isolated. In operation, application of current to the coil 3 
pulls the free end 7 of the cantilever beam 6 into contact with both stationary contacts 8a 
and 8b. Again, current can pass between the contacts 8a and 8b through the free end 7 of 
the cantilever beam 6. In addition, a charge is applied across the capacitor 19. The 
electrostatic force generated by the capacitor 19 holds the free end 7 of the cantilever 
beam 6 down, in electrical contact with the contacts 8a, 8b. Since the capacitor 19 does 
not permit any substantial current during holding, negligible power is consumed. 

In FIGURE 3B, the capacitor 19 is shown at the very end of the cantilever beam 6, but the 
-position of the capacitor 19 and free end 7 can be switched at the expense of some 
leverage, as shown in FIGUR£ 3G. In FIGURE 3C, the upper hold electrode 20 is formed 
along the length of the cantilever beam 6. Couplings are otherwise essentially the same 
as in FIGURES 3A and 3B. 

FIGURE 3D depicts an alternative structure (coreless solenoid or electromagnet) that 
makes use of the electrostatic hold concept. This structure is similar to that shown m 
FIGURE 3C, but the beam 6 itself comprises the upper electrode 20 of the capacitor 19. 
The typical size of the cantilever beam 6 allows it to be used as a large plate electrode. 
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a. addi„o„al =mbod,n«nt, th. pnor an cecl^ique of add.ng a ..agne, to .he crcuu can 
also be ea..y mcorpc.a.ed into .be des.gn. By cbang.ng .be firs, layer .a.enal fro., a 
h.oh permeab,U.v magne.,c ma.erial .o a permanen. n.agne.,c ma.enal. a bold relay 
comparable .0 co™.e.c,al designs can be produced w,.h ncgUg.ble change .o .he process, 
in .h.s en.bod,n,en.. .he per,r,anen, nragne.ic ma.enal b.ases .he relay such .ha. acuva..ng 
„e coil 3 swhches .he relay wi.h li..le force, and .he permanen. magne. holds .he relay 
,„ ,he swuched posi.,o„. Reversing .he cu.en. in .he co.l coun.eracs .he pernranen. 
magnet and reverses .he switching ac.ion. 

FIGURES 4A 4B, and 4C depict an elec.romagne. .ype struc.ure having s.at.onary 
contacs 8a and 8b. In .h.s embodimen,. the firs, layer 1 ,s changed in shape and la.d over 
conducve traces 30 fornttng a bottom par. of .he co.l 3, w.th conduct.ve traces .1 
form,ng a top par. of.be co.l 3 la,d over .he first layer 1 . The bottom conduct.ve traces 
30 and top conductive traces 3 1 are electr.cal.y cross-conneced (for example, by etched 
and filled vias) to fotn, a. leas, one hel.ca, coil wrapped around a lengrb of .he magnet.c 
material form.ng .he first layer 1. In operatton, applica..on of curren. to the coil 3 pulls 
.he free end 7 of .he canttlever beam 6 into contact with both contacts 8a and 8b. Aga.n, 
curren. can pass between .he con.acts 8a and 8b through the free end 7 of the cantilever 
beam 6. This struCure is a more traditional type of soleno.d relay. 

The benefit of this des.gn ,s tha. the number of .urns in .he coil 3 can be subs.an.,a.ly 
larger than the number in a planar co.l as described above. The number of utms of the cotl 
3, which de.enn,nes .he closing force, is l.m.ted ma.nly by the contact res.stance between 
the coil material above and below the magnetic material core. 

,n all of the above des.gns, the cantilever beam 6 closes the m.cro-relay by its free end 7 
shorting two metal contacts 8a. 8b. This genera, design permits the mtcro-relay to have 
, .he least possible "ON" resistance. However, th,s design also requ.res tha. two rehab e 
comae. po.nts be created with each switchmg event. An alternative des.gn uses the 
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with a contact strip 8. and out the other side of the device, as shown in FIGURE 5C; the 
base of the beam 6 serves as the second point for electrical connection. A single contact 
point may make the micro-relay more reliable but may make the design of the cantilever 
beam 6 more critical in order to have proper performance and minimum "ON" resistance. 
This limitation is overcome by the design shown in FIGURE ID, in which an extra 
conductive arm 9 is formed under the cantilever beam 6 separated by an insulating layer 
II. In this configuration, current can be conducted through the conductive arm 9 to a 
single contact 8; the base of the conductive arm 9 serves as the second point for electrical 
connection; 

These alternative designs can be applied to any of the structures of FIGURES 1A-4B. 
However, one preferred embodiment of a single contact micro-relay is shown in 
FIGURES 5 A, 5B, and 5C. The planar coil structure of FIGURE 1 A is used in general, 
but the second layer 4 is partitioned into three legs, 4a, 4b, 4c, which are electrically 
isolated but magnetically coupled. This design isolates the input I;,, from the output I^^, 
when the device is open. 

Spark Suppression 

A technique that may potentially extend the life of a micro-relay is the integration of spark 
suppression into the design. Electromechanical relays usually fail due to welding of the 
-cantilever beam to an electrical contact. This occurs due to sparking in the gap between 
the beam and a contact when the relay opens and closes. The sparking is caused by the 
tendency of a circuit not to permit abrupt steps in current flow. When a relay switches, it 
generates such a step in current, typically resulting in a large voltage across the relay 
terminals. The large voltage causes sparking and initiates current flow which ''smooths" 
the current step. 

Several techniques can be incorporated into the inventive micro-relay which can help 
suppress these sparks. Because the technology used to fabricate the micro-relay is 
borrowed from the IC industry, conventional power diodes and transistors can be added 
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,„ parallel w«h a relay^ Such dev.ces can be designed such ,hat ,hey are only acuve dunng 
.he s»Uch,ng periods of the relay. Thus, .hey would d.ss.pa.e v=^ liule power and 
produce very linle hear. Designed correctly, .hey could effecvely eliminar.ng sparlc.ng. 

A second nre.hod. beheved <o be completely un.que as applied .0 relays, ,s the .n.egrahon 
of sparR gapsor m.crclighm.ng rods into .he des.gn of .he n.,cro-relay. U is possible .o 
produce very sharp discharge poin.s a. one .erm.nal of a m.cro-relay ,n very close 
proxin,i.y .o .he second .emnnal. ACng as m,cro-l,gh,ning rods, .he discharge po.n.s 
would conc=n,ra.e ,he eleCric fields produced by large voltages generated dunng 
switching, crea.,ng preferen.,al spark.ng pom.s, mile spark.ng would still occur, ,. 
would be direced away fron, .he moving co„.ac. po.n.s. reduc.ng .he hkel.hood of 
con.ac. weld,ng. thereby ex.end.ng .he „fe of .he device. The benefits of this techn.cue 
over .ntegrated ICs .s the simplici.y of fabrica.ion and *e elim.nat.cn of the requ.renaent 
that silicon be the substrate. 

FIGURE 6A shows a cross-sectton of arelay contact head of a m.cro-relay incorporating 
nncro-lightentng rods 60 underneath the free end 7 of a cantilever beam 6. The rods 60 
„,ay be made of the co.l ma.erial, and should be rugged enough .o .ake .he d.scharge of 
approKimarely 10-100 t.mes the nominal sw.tched current. The head is poised above a 
contac. 8 FIGURE 6B is a .op x-ray view of the same head. This des.gn can be used w,* 
.either single-contact or double-contac. m.cro-relay des.gns. The rods 60 need not touch 
.he contact 8, and indeed the tips of the rods 60 ,re preferably spaced a short d.stance 
less than abou. 1 .m) from *e contact 8 when the cantilever beam 6 is touching ±e 
con.act 8 but sufficiently close to comprise a spark gap. That is, the rods 60 intens.fy the 
E-f,eld at .he,r .ips and therefore are preferential regions for sparks to generate. In thts 
embodimem. the rods 60 may even touch the contact 8 dut.ng sw,tch,ng. 

. In the preferred embodiment, the hgh.ening rods are designed such that they have 
negligible stiffness so that they Hex to allow the free end 7 of the cant.lever beam 6 to 
touch the contact 8. In an altemat.ve embod.ment, the rods 60 can be configured to just 
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touch the sides oFthe contact 8 and be out of the way when contact is made; thus, stiffness 
is irrelevant. 

FIGURE 7 shows an embodiment of the present invention showing lightening rods 61 
patterned as an extension of the stationary contacts 8a and 8b. In the illustrated 
embodiment, the tips of the rods 61 are separated by less than about 1 lam. The rods 61 
may be of any conductive material, and may be fabricated using standard IC fabrication 
techniques. This design can be used with either single-contact or double-contact 
micro-relay designs. When the relay contact opens, sparks tend to be generated. If the 
sparks were generated at contact points, the life of the micro-relay would decrease. The 
lightening rods 61 intensify the E-field at their tips and therefore are preferential regions 
for sparks to generate. 

Design Considerations and Calcuiations 

A complete micro-relay comprises three main components. These are the mechanical 
relay itself, the actuator which opens and closes the relay, and the electronic circuitry. 
While this invention focuses on the first two components, the fact that the relay is 
fabricated using micromachining techniques allows the structure to be built on top of a 
previously processed silicon die which contains both control and power circuitry. 
Ultimately, a completely integrated system can be created to produce an intelligent, 
- high-current load micro-relay. 

As a starting design for the micro-relay, its basic geometry is chosen to be a cantilever 
beam structure. Preferred dimensions of the beam can be determined as follows. A 
conservative estimate for the current carrying capability of micromachined wires is about 
10 nA/|.im-. Assuming the relay must be able to pass a full amp of current, then the cross 
sectional area of the cantilever beam would be: 

A = l.Oamp-^^^ = 100,000 la/w- 
\0[iA 
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For a „,icromach,n=d beam, rea.isnc d.mcns.ons cha. would g,ve ,his area would be: 

I = ihrckness = 1 00 m w = width = 1 .000 |.im 
For the rcmainmg d.nrens.or,, rhe length of .he bean,, we arb.trarUy choose i, to be: 
L= length = 3,000 

With the geonterr. de.errn.aed. ,he force required to bend .he bean, needs .o be 
ealcula.ed. For a canr.lever beam i. can be shown .ha. .he force required .0 displace ,.s 
end by a distance z is: 



^ 3£/, / = 1^ Eqns.(l)&(2) 



where: 

E = modulus of elasticity = 100 GPa for copper/permalloy 
I = moment of inertia 

.^-second choice of dimensions mus. be made here. A value for .he maximun, expec.ed 
displacement. is needed. Again, for mierom,chining, a realistic value ,s: 

-max ~ ^ 

Inserting all of the above values into equations (1) and (2) gives: 
!-8.33xlO "m' F = 4.630 mN 

Now that all of the mechan.cal parameters of the cantilever beam have been determined 
or calculated, the method of actuation can be chosen. In micromachin.ng there are two 
practical types of'actuation: magnenc and electrostatic. The order of magn,«de of force 
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that can be generated by each type are nneasured in mN and |aN, respectively. Therefore, 
magnetics appears to be the only viable method of actuation. 

The most efficient magnetic design is a magnetic circuit consisting of a loop of magnetic 
material with a gap at the point of actuation and a solenoid to generate the magnetic flux. 
The magnetic loop directs and magnifies the flux generated by the solenoid through the 
gap where the force is generated. This force can be shown to be: 

\f] = ^(^^ "TT Eqn.(3) 

where: 

N = number of turns in the coil 

Iq = current in the coil 

A = cross sectional area of the solenoid 

z = distance between the beam and the substrate 

|io = vacuum permeability 4 x 1 0'^ H/m 

The z used in this equation will be the mirumum magnetic circuit gap, r^i„, when the beam 
is at its maximum displacement. Assuming some insulation is present in the circuit, this 
-value will be: 

For a micromachined solenoid a typical excitation current and resulting force would be: 
lo = 1 mA - F = 0.8 m X N 

So a solenoid coil with 6 turns or more will generate the necessary force. It should be 
noted that this number of turns is more than tmly necessary, since the magnetic force will 
increase as the beam is drawn closer to contact. 



SUBSTITUTE SHEET (RULE 26) 



wo 98/34269 



PCT/US97/01885 



Usin. . less ccnservauve esuma.e for the current car^.ng capabUuy of ..cro.ach.ned 
w,re: of abo.. 500 .A/.m, and assuring the relay ntust be able to pass a ful. a,.p of 



current, then the cross sectional area of the 



cantilever beam would be: 



^ - '■O^'^Pl^ = 2,000 u,n^ 
500u/l 



For a micromachtned beaot. realistic dimensions that would g,ve this area would be: 

t = thickness = 1 0 nm w - width = 200 pm 
For the remaining dimension, the length of the beam, we arbttrarily choose it to be: 
L = length = 500 

With the geometry determined, the force required to bend the beam needs to be 
calculated. For m.cromachintng, a realistic value for the maxtmum expected d.splace- 

ment, z^,^, is; 

Inserting all of the above values into equations (1) and (2) gives: 

1= 16.67x10-^' F = 400 ^N 

For a m.cromachmed soleno.d a typical excUat.on current ar.d resuUmg force, from 
equation (3), would be: 



F = 8xlO-'x(NIoy- [Newtons] 
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So to generate 400 m-N of force, the amount needed to counteract the mechanical force of 
the beam at full displacement, the product, NI,,, needs to be: 

NIo > 7.07 

Choosing reasonable values for I„ gives the following number to turns: 
I„ = 1 0 mA = N > 707 

or: 

Io= 100 mA = N > 71 

Using the inventive processes described below, 71 turns can be fabricated in a 
straightforward manner, which permits a relatively small current to be used. Increasing 
the current reduces the number of turns needed and maJces fabrication easier. If power is 
an issue, increasing the number of turns, while increasing fabrication difficulty slightly, 
will proportionately reduce the coil current. 

Fabrication Processes 

Included below under Examples are several alternative fabrication processes. In these 
examples, plating is the preferred method of depositing metal elements and magnetic 
circuit elements. However, any method that provides for equivalent strucUire can be used, 
such as screen printing, vapor deposition, etc. 

As shown, the design requires that two distinct components be integrated into a single 
device. The solenoid is built from several layers of conductive material, such as metal, 
which are separated by insulating layers of photoresist. At the end of the process, this 
resist remains between the metal layers to prevent short circuits from rendering the 
solenoid inoperable. This is contrary to the process needed to produce the cantilever 
beam. Here, a two-layer metal design is used with the top layer being extremely thick. 
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WhUe pl,o.or=sis. is used dunng processing >o separa.e <he layers, a is all removed in ,he 
;asl step to create a freestanding structure. 

,n order to tntegrate the solenoid and the beam together ,0 create a m.cro-relay. care must 
be talcen ,n but.dtng the two components. Inherent ,n the fabr.cation process ,s the 
creation of large, non-planar areas that w,.l be filled by electroplated metal. Due to 
no„-uniform..v of plattng thtckness across the wafer and uncertainty ,n the plattng rate, 
i, cannot be e.Kpec.ed that the heights of the copper and the photoresist mold will be the 
same If the difference ,s too great, the following layer of photoresist will be unable to 
produce a level surface. Without a planar surface, features exposed in the subsequent 
resist layers become deformed. Eventually, the non-uniformity wtll reach a point at wh.ch 
the exposure will fail completely To avotd this problem, each plating ts preferably 
followed by plananzatton. This is done by first choostng a plattng thickness that ts th.nner 
than that of the resist mold defining it. After plating, the resist can be globally etched bacR 

with oxygen plasma until its level is comparable to that of the electroplated metal. 

TO help with the planartzafon tssue, untfottntty of the copper electroplattng ts required. 
,t is desirable to be able to design with arbttrarily sized plating areas, but thts .s 
problematic due to the nature of electroplating. If a large and a small area axe sttuated next 
to one another, the plat.ngrate in the small area wtU be nottceably larger than the rate .n 
the large area. Also, untfotm plating thickness across a wafer ,s difficult to attain. Finally, 
small grain size ts desired to reduce surface roughness on the structures being created^ 
These issues can be parttally addressed by appropnate mask design but careful setup and 
calibration of the plating tank and solution must also be done. 

The remaintng area requtnng careful design is the technique used to remove the 
photoresist from beneath the canttlever beam. The two techntques available, wet and dt^ 
release each have their advantages and disadvantages. In the ease of wet releasmg. ,t ts 
relatively easy to qutckly strip the restst from the wafer without damagmg the metal 
layers Unfortunately a phenomena known as stiction occurs when the Itqutd dnes. 
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Suction causes free standing structures to be pulled to the substrate where they stick, 
rendering them useless. If a dry release, such as plasma ashing, is used, stiction is avoided 
but another difficulty arises. A dry release requires that the plasma being used be largely 
isotropic. This allows it to etch the sacrificial material beneath a structure and free it. For 
relatively small structures, say tens of microns in size, this technique works quite well. 
However the beam that needs to be undercut may be many hundreds of microns wide. 
Accordingly, the following examples provide a workable but not necessarily perfect 
method of fabricating the micro-relays in accordance with the present invention. 

E.\amplcs 

Abbreviations: 
PI = polyimide 
Cr = chrome 
Cu = copper 
PR = photoresist 
RIE = reactive ion etch 
HNA = isotropic Si etchant 
AZ4620 = brandofPR 
NiFe = permalloy 
soft bake = bake at -90 °C 
-hard bake = bake at -120° C 
ultra bake = bake at ~ 1 80 ° C 

A. First Process 

FIGURES 8 and 9 are cross-sectional views of the preferred fabrication stages for the 
embodiment of the present invention shown in FIGURE 4 A, taken along lines A- A' and 
B-B', respectively, of FIGURE 4A. The following steps describe stages a) through h) of 
FIGURES 8 and 9: 
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Step a): 



. Create permanent planarizing form with Ultra-baked AZ4620^ 
. Produces a th.ck (> 5 ,m) planariztn., form of permanent, insulat.ng 
matertal. Photoresist ,s used due to its easy patterning charactertsttc. 

Evaporate Cr/Cu/Cr (lOOA/IOOOA/lOOA) electroplating seed layer. 
. Lays down a plat.ng seed layer wh.oh adheres well to the substrate and ,s 
compatible with copper plating. 

- Create a thtek (> 5 pm) plating moid with soft-bake AZ4620. 
. Produces an easrly removable pladng mold. Photoresist is used due to ,ts 
easy patterning characteristic. 

_ Mold plate copper to height of permanent planarizing form. 
. Selectively plates material with very high electrical conductance to form 
the bottom coils 30 of the electromagnetic solenoid. 

- After plating, remove the photoresist mold. 

. Soft baked photoresist can be removed with acetone or dedicated 
photoresist stripper. 

- strip the electroplating seed layer, being careful .0 minimize etching of the 
plated structures. 

. The Cr/Cu/Cr seed layer can be etched in a single step with commeraal 
chrome mask e.chant which attacks both metals, or in several steps vvhtch 
remove one layer of metal at a time. Cr can be select.vely etched w.th 
HCl. Cu can be selectively etehed with a solution of acetic acd, water and 

hydrogen peroxide. 

. It should be noted that this step intends to produce an electromagnetic coil 
with very low resistance and high current carrying capabilities. Many other 
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techniques can be used to accomplish the same goal. These include, but 
are not limited to. evaporating or sputtering thick metal (e.g... Al. Au. Cu, 
Ag, etc.) and patterning with wet or dry etching techniques. 

Step b): - Create permanent planarizing and insulating layer with Ultra-baked 
5 AZ4620. Pattern to create access vias to underlying features. 

• Produces a thin (< 5 ^m) planarizing form of permanent, insulating 
material. 

Evaporate Cr/Cu/Cr (lOOA/lOOOA/lOOA) electroplating seed layer. 
Lays down a plating seed layer which adheres well to the substrate and is 
compatible with permalloy plating. 

Create a thick (> 5 |im) plating mold with soft-baked AZ4620. 
Mold plate permalloy to height of plating mold. 

Selectively plates a material with soft magnetic properties and very high 
permeability to form the core of the solenoid (the bottom layer 1 of the 
device's magnetic circuit). 

Plating of permalloy is chosen for ease of deposition and resulting 
excellent magnetic properties. Additional deposition techniques and 
materials may be used. These include, but are not limited to, sputtering of 
most any magnetic material or silk screening of magnetic particles 
20 suspending in a polyimide matrix. 

- After plating, remove the photoresist moid. 

- Strip the electroplating seed layer being careful to minimize etching of the 
plated structures. 



Step c): 

10 



15 
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Stepd): - Create permanent planarumg and msulatmg layer w.th Ultra-baked 
AZ4620. Pattern to create access vias to underlying features. 
. Produces a thm (< 5 ,m) planartztng form of permanent, insulating 
material. 

Step e)- - Evaporate Cr/Cu/Cr (lOOAyiOOOA/lOOA) electroplating seed layer. 

. Lays down a platmc seed layer which adheres well to the substrate and is 
compatible with permalloy plating. 

- Create a thick (> 5 ^m) plating mold with soft-bake AZ4620. 
_ Mold plate permalloy to height of plating mold. 

. Selectively plates a material with soft magnetic properties and very high 
permeabiUty to fom. the top layer 4 of the device's magnetic circuit. This 
platmg also forms a cantilever' beam 6 which will ultimately become free 
standing. 

- After plating, remove the photoresist mold. 

- Strip the electroplating seed layer, bemg careful to minimize etchmg of the 
plated structures. 

- Evaporate Cr/Cu/Cr (lOOA/lOOOA/lOOA) electroplating seed layer. 
_ Create a thick (> 5 ^m) plating mold with soft-bake AZ4620. 

- Mold plate copper to height of plating mold. 

. Selectively plates material with very high electrical conductance to form 
the top coils 31 of the electromagnetic solenoid. 

- After plating, remove the photoresist mold. 

_ Strip the electroplating seed layer, being careftil to minimize etching of the 
plated structures. 



Step f): 
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Evaporate Cr/Cu/Cr ( lOOA/lOOOA/lOOA) electroplating seed layer. 
Create a thick (> 5 |im) plating mold with soft-bake AZ4620. 
Mold plate copper to height of plating mold. 

Selectively plates material with very high electrical conductance to 
decrease the resistance of the cantilever beam 6. This is optional. This 
plating also creates a plasma ashing shield which could be created in other 
ways such as an evaporated chrome layer. 

- After plating, remove the photoresist mold. 

- Strip the electroplating seed layer, being careful to minimize etching of the 
plated structures. 

Step h): - Strip sacrificial photoresist with isotropic plasma. 

• Strips sacrificial material from beneath the top magnetic cantilever beam 
6 to produce a free standing structure without damaging the other 
materials in the device. Isotropic plasma is the preferred choice but well 
controlled wet etching with acetone or photoresist stripper could be used. 

B. Second Process 

FIGURES lOA and lOB are cross-sectional views of the preferred fabrication stages for 
a three coil embodiment of the present invention, similar to FIGURE 12A described 
below, taken along the cantilever beam 6. FIGURES 11 A and IIB are cross-sectional 
views of the preferred fabrication stages for the embodiment of FIGURE lOA, taken along 
the magnetic circuit. The following steps describe stages a) through q) of these sets of 
figures: 

Step a): Grow oxide layer on substrate 2 of about 5 000 A for insulation. Deposit 
plating seed layer - preferably Cr/Ni but for now Cr/Cu => lOOA to 1000 A. 



Step g): - 
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Step b): 



Pa„em seed byer and remove from areas tha. may be prcblemacc (, c-. , where 
contact would be shorted ,f seed layer left)^ Note: The dtetng of the dtes can 
also be used m design to end up wtth elec.ncally isolated contacts. Make sure 
to have htahly conductive paths from areas to be plated on the die frame. Sptn 
and pattern (ustng Cr mask) thick polytmide (= 100 ^m) and hard bake. 

Plate thick permalloy to hetght jus. below height of poly.mtde (PI) to form 
first layer 1. If cannot get lOO ,m (or the desired thtckness of PI) tn one 
iteration, repeat b) and c) as many times as necessary. 

Etch PI from area which wtll be spanned by the eanttlever beam. Preferably 
use Cr RIE mask. Can overetch because have metal seedlayer beneath area 
being etched. 

Plate up through areas opened in d) wtth Cu, ustng seedlayer left behind from 
theplatrng of the first permalloy layer I. Note: plate to leveljust below hetgh. 
of PI. 

Step f): Strip Cr RIE mask. Coat with layer of PI - 3 |.m. 
Step g): Pattern PI layer to form molds for coils. 

S.ep h)- create planar coils 3 usmg deposited metal, preferably erther electroplated Cu 
or evaporated Al (in the example shown, multiple coils are formed). 

Step ,): Coat w,th PI (and panem vtas if doing another layerof coils). It another layer 

of coils is desired, repeat steps g) and h). 



Step c): 



Step d): 



Step e): 
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Stepj); Etch PI from center of coils 3 where magnetic core 12 will be, preferably 
using a Cr RIE mask. Can overetch because have permalloy beneath area 
being etched. 

Step k): Plate up through areas opened in step j) with permalloy using seedlayer left 
behind from the plating of the first permalloy layer. Note: can overplate with 
negligible problems. 

Step 1): Etch PI from area that will be spanned by the cantilever beam (see FIGURE 
lOB), preferably usmg a Cr RIE mask. Can overetch because areas being 
etched have metal seed layer or permalloy beneath them. 

Step m): Plate-up Cu to just above the PI height. 

Step n): Spin and pattern AZ4620 PR to produce dimple in cantilever beam (this 
dimple is. not really necessary). Note: evaporating Cu in the next step may 
make it impossible to remove this layer with developer after beam has been 
plated. If PR becomes hard baked, it may require PR stripper to remove it. If 
the selected PR stripper attacks 180°C baked PI, then may need to use plated 
Cu in this step. 

Step o): Evaporate Cr/Cu seed layer. Pattern to remove seed layer from core areas so 
second layer 4 of permalloy will plate from the core metal and not the Cu. 
(Preferably partem Cr/Cu so access to permalloy core is slightly smaller than 
permalloy core itself.) Spin and pattern (using Cr mask) thick polyimide ( = 
100 p-m) and hard bake. 

Step p): Plate thick permalloy second layer 4 to height just below the height of the PI. 

If carmot get 100 |j.m (or the desired thickness of PI) in one iteration, repeat 
steps o) and p) as many times as necessary. Note: since the second layer 4 of 
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Step q): 



pern^alloy ,s so .hick. ,< may be more pract.cal to create a th.n (= . 
p,a.,„B mold. S,nce the d,mens,ons of the crcutt are so large and th,s ,s the 
,ast layer, the mushrooming that will occur wh.le platmg 1 00 ,m ,n a 2 pm 
n,o,d is not a b.g concern as long as the masic ,s destgned with th,s in mtnd. 
Thts malces the creatton of the moid much eas.er and if AZ4620 resist ts used, 
developer can be used to strip it. 

Plasma ash to remove second iayer permalloy PI mold, and free structures 
„,h Cu etchant. thereby freeing the cantilever bear. 6 (which ts supported 
by electroplated Cu) and removmg the seed layer for the second layer4. 



C Third Process . 
nGUREnA.s.opv,ewofanalternat,veembod,mentoftheprese„t.nventio„.show,ng 

*ree coiis 3 rather than one. FIGURES ,2B and ,2C are cross-sectional vrews of the 
structure in FIGURE HA. A.I structures are formed on one side of the substrate 

FIGURES .3 and 14 are cross-secttonal views of the preferred fabrtcation stages for the 
enrbodiment of FIGURE ,2A, taken along Hnes A-A and B-B', respecttve,. 
following steps descnbe stages a) through o) of these sets of figures: 

Start with stheon substrate coated with insulator. Evaporate Cr/Cu/Cr 
(lOOAyiOOOA/lOOA) electroplating seed layer. 

Choosesiliconforconventenceandforthepotentialtointegrateelectromc 
circuttry ,nto the switch. In general, almost any material can be used for 
rhe substrate as long as it ts compatible wtth the following processes. 
Possible examples are pnnted circuit boards, glass, ceramics, plas.tcs, e,c. 

. I„st>lat,on is required so the subsequently depostted elecromagnet.c coils 
3 will no. be short circmted. While almost any insulating material can be 
used, nitride or oxide is most suitable for the siUcon substrate. 



Step a): 
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• Lay down a plating seed layer which adheres well to the substrate and is 
compatible with permalloy plating. Preferably, Cr/Ni is used. Examples 
of other possible seed layers are Cr, Al/Cu and Ti/Cu. 

Step b): - Pattern seed layer so that plating in all areas is still possible but such that 
removal of the seed layer after plating is not necessary. On top of this 
layer, create a mold with polyimide. 

• Patterning of the seedlayer is done so that it will not need to be stripped 
after the first permalloy plating. Dicing will be used to electrically isolate 
those structures that cannot be shorted together. This step is intended to 
enhance the process but the traditional strippirig of the mold material and 
seed layer can also be done if preferred. An additional step to planarize the 
surface would probably be needed if this was done. 

. Produce a thick (> 10 ^m) permanent plating mold. Polyimide is used due 
to its easy patterning characteristics, easy deposition and compatibility 
with subsequent steps. 

Step c): - Mold plate permalloy to height just below height of polyimide to form 
first magnetic layer. 
. Selectively plate a material with soft magnetic properties and very high 
permeability to form the bottom layer of the device's magnetic circuit. 

. Plating of permalloy is chosen for ease of deposition and resulting 
excellent magnetic properties. Additional deposition techniques and 
materials may be used. These include, but are not limited to, sputtering of 
most any magnetic material or silk screening of magnetic particles 
suspending in a polyimide matrix. 
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Step d): 



Step e): 



Step f)"- 



insulate .he permalloy statures with a th,„ (< 5 ,m) coat of patterned 
polvimide. 

The pernnallcy structure would be shorted by subsequent metal layer 
depostctons if they were not covered by an tnsulating layer. Poly.m.de ts 
chosen for its ease of depostt.on, ease of patterning and tts n^echantcal 
properties. Other tnsulators. such photoresist or oxide, could be used. 

. The insulattng layer needs to be patterned to allow access to bond pads 
and contact points. 

- Create a permanent pseudo-mold with poly.mide. 

. Lay down another thtck (> 5 pm) layer polytmtde to form a permanent 
pseudo-mold for a subsequent copper plating. This ts a pseudo-mold 
because, while it is filled by a subsequent copper plating, it does not 
directly control that copper pla.mg. This step is include to tmprove 
planarization. 

_ Create a mold with soft-bake AZ4620. Mold plate copper to height of 
polytmtde layer in step e). After plating, remove the photoresist mold. 
Stnp the electroplattng seed layer, being careM to m.mmize etchtng of the 
plated structures. 

. Produce an easily removable plating mold. Photoresist is used due to tts 
easy patterning characteristic. 

. Selectively plate material wtth very high electrical conductance to form 
the electromagnetic coil. It should be noted that this tends to produce an 
electromagnetic cotl with very low resistance and htgh currem catxy.ng 
capabtlities. Many other techntques can be used to accomplish the same 
goal These include, but are not limited to. evaporattng or sputtertng th.ck 
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metal (for example, Al, Au, Cu, Ag, etc.) and patterning with wet or dry 
etching techniques. 

• Soft balced photoresist can be removed with acetone or dedicated 
photoresist stripper. The stripper used should not damage the underlying 

5 polyimide layers. 

• The Cr/Cu/Cr seed layer can be etched in a single step with commercial 
chrome mask etchant which artaclcs both metals or in several steps which 
remove one layer of metal at a time. Cr can be selectively etched with 
HCl. Cu can be selectively etched with a solution of acetic acid, water and 

10 hydrogen peroxide. 

• It should be noted that more than one layer of planar coils can be produced 
on top of one another. To do this, steps d) through f) need to be repeated. 

Step g): - Insulate the permalloy structures with a thin (< 5 |am) coat of patterned 
polyimide. 

15 . Other insulators, such photoresist or oxide, could be used. The insulating 

layer needs to be patterned to allow access to bond pads and contact 
points. 

Step h): - Etch PI from center of coils where magnetic core will be. 

• It is desirable, but not necessarily required, to have a permalloy core plated 
20 up through the electromagnetic coil, connecting the top and bottom 

magnetic layers. 

• RIE plasma can be used to etch the polyimide. A thin Cr masking layer 
can be use lo protect the areas of the device that are not to be etched. 
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Step i); 



Overe>ch,„g ,n chis step should no. be a problem as there should be 
permalloy beneath the polyim.de in .he areas be.ng e.ched^ 

_ p,a.e up .hroush areas opened .n s.ep h) w..h permalloy us.ng the 

seedlayer left behind from .he pla.tng of .he f.rs. permalloy layer 
. u,sd=s.rabl=.butno.necessa,ilyre,u,red..ohaveapermalloycorepla.ed 

up .hrough the elec.romagne.ic co.l, connecting the .op and bottom 
magnetic layers. If .h,s core is no. created, s.ep h) is not necessary. 

Etch PI from area which will be spanned by can.ilever beam. 
. R,E plasma can be used ,o e.ch the pclyim.de. A thin Cr masking layer 
can be use to protect the areas of the device .hat are no. .0 be etched. 

- Pla.e copper up to the height of the top polyimide. 
. This copper will be used as a sacrificial layer. Many other sacr.fca 
ma.erials, such as alumtnum, photoresist, or oxide could be used. A seed 
layer tor .his may need .o be deposited prior to platmg or, with spec.al 
attention ,n prev.ous steps, the seed layer used to plate the first pem,alloy 
could be used. 

_ spin and pattern AZ4620 to produce optional dimple in cantrlever beam. 
. Produce an eas.ly removable plating sub-mold which will create contac. 
dimples in the subsequently plated moving contact at .he end of .he 
cantilever beam. This is an optional step as the dtmple may not be needed. 
Photoresist is used because it can be easily patterned and easily removed. 

Step m). - Evaporare Cr/CWCr (lOOA/lOOOA/lOOA) electropla.ing seed layer and 



Stepj): 



Step k): 



Step 1): 



pattern. 
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• Lay down a plating seed layer which adheres well to the substrate and is 
compatible with permalloy plating. Preferably, Cr/Ni would be used. 
Examples of other possible seed layers are Cr, Al/Cu and Ti/Cu. 

• This layer can be patterned for two effects. First, it can be patterned over 
the permalloy cores plated in step i) to allow direct contact between the 
permalloy cores and the top permalloy layer. Second, it can be patterned 
in such a way as to eliminate the need to remove the seed layer after the 
top permalloy is plated. As with the seed layer used to plate the first 
permalloy layer, dicing can be used to isolate the plated structures. 

Step n): - Create a mold with soft-bake AZ4620. Mold plate a thick (> 5 urn) layer 
of permalloy. After plating, remove the photoresist mold. Strip the 
electroplating seed layer if necessary. 

• Produce an easily removable plating mold. Photoresist is used due to its 
easy patterning characteristic. 

• Selectively plate a material with soft magnetic properties and very high 
permeability to form the top layer 4 of the device's magnetic circuit. This 
plating also forms a cantilever beam 6 which will ultimately become free 
standing. 

• Plating of permalloy is chosen for ease of deposition and resulting 
excellent magnetic properties. Additional deposition techniques and 
materials may be used. These include, but are not limited to, sputtering of 
most any magnetic material or silk screening of magnetic particles 
suspending in a polyimide matrix. 

Step o): - Strip sacrificial copper. 
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. Stnp sacrificial material from beneath the top magnetic cantilever beam 
6 to produce a free standing structure wuhot.t damagmg the other 
rnatenals m the device. A copper etchant such as a mixture of acetic acid, 
water and hydrogen can be used as well as other etchants which will not 
attack the magnetic material. 

D Fourth Process 

FIGURE 15A .s top view of an alternative embodimettt of the present invent.on. show.ng 
three coils 3 rather than one. FIGURE 15B is a cross-seet.cnal view of the structure ,n 
FIGURE 15 A, taken along the cantilever beam 6. All structures are fomted on one stde 
of the substrate 2. In contrast to the entbodtnrent shown ,n FIGURE P.A. where all 
structures are forr^ed on top of the substrate 2, the embodtment shown ,n FIGURE 1 ^A 
creates stmctures in part by etchtng recesses tnto the substrate. Hence, as used heretn, the 
ternt ^^on the substrate" includes forntat.on on the ortgtnal surface of a substrate and 
formation within the substrate. 

FIGURES 16A and 16B are cross-sectional views of the preferred fabrication stages for 
the embodiment of FIGURE 1 5 A, talcen along the cantilever beam 6. The following steps 
describe stages a) through n) of these sets of figures: 

- Etch, using RIE, mto Si substrate 2 about 10 ^m (thickness of subsequent 

permalloy plate) to form a '^mold",use AZ4620 as mask. 
. Provides an insulating "mold" which is filled by the subsequent platmg of 
the first permalloy plating. The goal is to achxeve, after an arbitrary 
thickness of permalloy is plated, a planar surface, nearly as smooth as that 
of the virgin silicon wafer. The smoother the resulting surface, the more 
reliable the following steps and structures will be. 

- Global etch with HNA to round comers. 



-Step a): 
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• By rounding the corners, the potential for short circuiting of the subse- 
quent aluminum coil is minimized. 

- Grow-l (j.m thermal oxide. 

• Lays down an insulating layer to keep any permalloy used in the electrical 
circuit from short circuiting. 

Stepb):- - Evaporate Cr/Cu/Cr(100A/1000A/100A) seed layer. 

• Lays down a plating seed layer which adheres well to the substrate and is 
compatible with permalloy plating. 

Stepc): - Create mold with Ultra-baked AZ4620. 

• Produces a plating mold of permanent, insulating material. Photoresist is 
used due to its easy patterning characteristic. 

Step d): - Mold plate about 10 ^m (same thickness as Si recess depth in first step) 
of NiFe (permalloy). 

• Selectively plates soft magnetic material with very high permeability for 
first layer 1 of magnetic circuit up through a mold. 

Step e): - O3 plasma ash ultra-baked mold PR back to Cr/Cu/Cr, leaving ultra-baked 
PR in any crevasses around the plated structures; strip exposed Cr/Cu/Cr. 

• Removes excess insulating material from surface of substrate in such a 
way to maximize planarization. Removes unused sections of the seed layer 
to electrically insulate permalloy structures. 

Step f): - Coat with PI and ultra-bake. 

• Lays down a thin layer of material to electrically insulate the first layer of 
permalloy and the subsequent aluminum coils. Beneficial if material can 
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Step g): 



also act a. a n,echan,cal separat.on between layers and is htghly res.s.ant 

to subsequent processing steps. 

^ , I unr^i' tn <;iO /NiFe level to fill any remaining 

OPTIONAL: O. plasma ash back to biuviNirc ic 

crevasses areas between SiO, and NiFe. 

. Intended to improve planarization if needed. 



OPTIONAL: Coat with PI and Ultra-bake. 
. Needed if previous optional step is executed. 

- Pattern PI with O, plasma using AZ as mask. 

- Strip AZ with global UV and developer. 
_ O. plasma thin PI to desired thickness. 

. Opens access windows through msulator to allow access to underlying 
permalloy or substrate as needed. 

- Create "mold" with ultra-baked PR for coil/sacnficial. 

. Lays down and patterns a layer of insulating material that is the same 
thickness as, and a negative image of, the aluminum coils deposited m 
subsequent steps; done before aluminum is deposited to improve 



planarization. 

_ EvaporateAUayerthattsthickerthandesirecigapofswitch. 
. Deposus matenal that ca„ act as both electncal coil and as a sacr.fical 
layer for freeing the subsequent permalloy cantilever bean,. 

- PattemthroughMlthictaessof Alto create co,ls3 and sacrificial areas. 

- OPTIONAL: pattern divots into Al to a depth that is equal to Al_.htckness 
- Desired_Gap_distance. 

. Creates planar coils 3 and sacrificial pads. 
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- OPTIONAL: explicitly define contact point sizes and locations as well as 
gap distance. 

Step i): - Create insulating layer of PI. 

• If too thin or surface non-planar, can do second coat. 

• Lays down layer to electrically insulate Al structures and to planarize 
surface. 

Stepj): - Evaporate Cr/Cu/Cr seed layer (I OOA/IOOOA/IOOA). 

- Create mold with AZ4620 (> 1 0 jam) - soft baked only. 

• Produces an easily removable plating mold. 

Step k): - Plate about 10 [im NiFe. 

• See step d) - second layer 4 of magnetic circuit with integrated free 
standing structure 6. 

- Strip PR mold with global UV and developer. 

- Strip seed layer. 

• Removes mold and seed layer to isolate second layer permalloy, both 
electrically and mechanically. 

Step I): - PR pattern with sacrificial etch mask. 

• Lays down easily removable material which is resistant to the etchant used 
to remove the sacrificial material and which can protect the devices from 
debris generated during dicing. 

Step m): - Dice. 

• Separate substrate into individual devices. 
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Step n): 



_ Etch sacrificial Al with 1% HF. 

. Removes sacrificial n^aterial ,o produce free standing structures wultout 
damaging tlte other materials in tlie device. 

- Strip protective PR wtth global UV and developer. 
. Removes sacnf.c.al mask layer and dry devices so as to avoid any 
difficuhies with stiction. 



Step a): 



E Fifth Process - Double-Sided Design 
figure" ha ts top v,ew of another alternative embod.ment of the present tnvention, 
showtn- a stnde coti destgn but w„h structures forrrted on both the top and bottom o. the 
subs.ra;2.nGUR£nBisacross.seettonalv,ewofthest™ctureinF,GUREnA..aken 

along the cantilever beat. 6. FIGURE 18 is a cross-sectional v,ew of the preferred 
fabrication stages for the embod.ment of FIGURE 1 7A. taken along the canttlever beam 
6. The following steps describe stages a) through k) of this se, of figures: 

_ Stan v^th silicon substrate 2 coated with insulator on both sides of wafer. 
. Choose silicon for convenience and for the potential to integrate electronic 
circuitry into the switch. In general, almost any material can be used for 
rhe substrate as long as it is compatible with the following processes. 
Possible examples are printed circuit boards, glass, ceramics, plastics, e,c. 

. Insulation is required so the subsequently deposited electromagnetic coil 
will not be short circuited. While almost any insulating material can be 
used, nitride or oxide is most suitable for the silicon substrate. 

- On the back side of the substrate 2, open etching windows through the 
insulator to expose the silicon. Using an anisotropic etchant such as 
potassium hydroxide (KOH), ethylene diamine pyrochatecol (EDP) or 
TMaH etch through the full thickness of the substrate. The etch stops 
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when it reaches the insulator on the front side of the wafer, forming it into 
a thin membrane. 

In this process, the thickness of the substrate insulates the two magnetic 
layers from interaction from one another, reducing losses due to stray 
fields. The holes through the wafer provides the magnetic flux path of the 
design which produces the actuating force in the switch. 

Anisotropic etch is chosen to form the through-holes due to convenience 
of access and use and its applicability to silicon processing. The holes 
could also be formed by RIE, drilling or other technique. If a substrate 
other than silicon is employed, many other options are possible. The 
requirement is selective placernent of the holes and control of the ultimate 
size of the opening seen at the front side of the wafer. 

Evaporate Cr/Au (100A/5000A). Partem this into an electrostatic hold 
electrode and stationary contact point(s) 8. 

Lays down and patterns a highly conductive layer which adheres well to 
the substrate. Cr/Au is used at present for convenience but it is likely that 
this will change to a material (alloy or composite) which is more 
commonly used in mechanical relays and results in longer operational life 
time for the device. 

20 Step d): - Evaporate Cr/Cu/Cr (lOOA/lOOOA/lOOA) electroplating seed layer. On top 
of this layer, create a mold w/ soft-bake AZ4620. 

• Lays down a plating seed layer which adheres well to the substrate and is 
compatible with copper plating. 

• Produces an easily removable plating mold. Photoresist is used due to its 
25 easy patterning characteristic. 



Step c): 
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Step e): 



Step f): 



Step g): 



Mold place 5 .o .O^m of copper. After plaung, remove the pho.orcsisr n.o.d. 
Strip the electroplattng seed layer, betng careful to m.nimtze etchmg ot the 
plated structures. 

. Selectively plates matenal with very high electrical conductance to form 
the electromagnetic coil 3. 

_ Deposit a conformal. electrically insulating layer of matenal. Pattern the 
layer to provtde access windows to bond pads and contact points tor the 
electromagnetic coil 3, the hold electrode and the stationary contact potnts 

. Lulates the electromagnetic coil, the hold electrode and the stationary 
contact points. This prevents subsequently deposited metal layers from 
short crcuitmg these structures as well as electrically tnsulafng them from 
said layers. 

. Most any insulating material that ts not attacked by acetone can be used. 
These include, but are not limited to, oxide, n.tride. Teflon, polyimide and 
ultra-baked photoresist. 

- Sptn on and panem photoresist to ac, as a sacrificial spacer layer. 
. Lays down a thick (5 to 10f.m) layer of material which can act as a 
sacrificial material. While photoresist ,s not the only available matenal, 
i, has been chosen for its ease of use, compatibiUty with subsequent steps, 
and ease of removal. Some other candidate materials are alum.num and 
copper. 

. Photorestst has the added benefit that ,t can be laid down tn several layers. 
Arbitrary thicknesses can be achteved. Each layer can be patterned 
separately to achieve desired effects such as dimpling the contact portion 
of the cantilever beam 6. 
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Step h): - Evaporate Cr/CuyCr(100AyiOOOA/100A) electroplating seed layer. On top 
of this layer, create a mold w/ soft-bake AZ4620. 

■ Lays down a plating seed layer which adheres well to the substrate and is 
compatible with permalloy plating. 

- Moid plate 5 to I0fj.m of permalloy. After plating, remove the photoresist 
mold. Strip the electroplating seed layer. 

• Selectively plate a material with soft magnetic properties and very high 
permeability to form the top layer 4 of the device's magnetic circuit. This 
plating also forms a cantilever beam 6 which will ultimately become free 
standing. 

• Plating of permalloy is chosen for ease of deposition and resulting 
excellent magnetic properties. Additional deposition techniques and 
materials may be used. These include, but are not limited to, sputtering of 
most any magnetic material or silk screening of magnetic particles 
suspending in a polyimide matrix. 

- Evaporate Cr/Cu/Cr (lOOA/lOOOA/lOOA) electroplating seed layer onto 
back side of wafer. Global plate very thick (> lOA^m) layer of permalloy. 

• Forms bottom layer 1 of the device's magnetic circuit. See step i) for 
explanation of choice of permalloy and alternative techniques. 

• Note that this layer is a global deposition with no patterning. It is believed 
that separating the two magnetic layers by the thickness of the wafer will 
make patterning unnecessary. However, a patterning step, either with etch 
back or mold plating, can be added if it is found that the magnetic 
isolation provided by physical separation is insufficient. 



5 Step i): 



10 
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Stepk):" - Strip sacrificial photoresist. 

. Strip sacrificial matenal from ber^eath the top magneiic cantilever beam 
to produce a free standmg structure without damagmg the other materials 
in the device. Acetone or dedicated photoresist stopper may be used. 



25 



Alternative Beam Designs 

,„ the prefeaed embodiment, the tnventive m.cro-relay requ.res proper design of .ts 
cantilever beam. The eant.lever performs two primary functions. First, it defnes the 
electromagnetic force that must be generated to close the relay. Secondly, it is part of the 
magnetic flux path in the magnetic circuit. The two properties need to be balanced. A 
beam with larger cross-sec.ional area provides a flu. path with lower magne.tc reststance 
and reduces losses due to stray fields. A larger beam also means that a greater magnet.c 
force is requtred to close the relay. Thus, too large a beam and the relay cannot be closed; 
too small a beam and the magnetic resistance of the beam overwhelms the magnet.c 
ctrcuit and no electromagnetic force ,s generated, and again the relay will not close. 

The most straightforward design, in terms of fabrtcation, ts a normal cantilever beam. 
Thrs rs a sinde strip of magnetic matenal that is fomted tnto a free-standing structure, as 
shown in FIGURE 1 A. for example. For proper operation, thts design opt.on requires 
deltcate balancng between the flux and bending force properttes of the beam. Thts ts 
possible but can Um,. the design possibil.ttes. Of the two cantilever destgn optrons. th.s 
design lends itself most strongly to a single contact point design in which the switched 
current flows the length of the beam. It can also be used equally well in the double contact 
design in which the current flows across the end of the beam. 

A second design produces a cantilever beam in which the flux path and bending force 
properties can be designed separately. Two examples of this second design are shown in 
FIGURES 1 9A and 19B. Key to this design is the addition of at leas, two magnetic strips 
,00 running parallel to the cantilever beam 6. These strips 100 are formed at the same 
time as the cantilever beam 6. They are placed in close proximity to, but physically 
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isolated from, ihe beam 6. The strips 100 become the main flux path in the magnetic 
circuit, making the magnetic resistance of the cantilever beam 6 unimportant. This allows 
the cantilever beam 6 to be designed separately so as to optimize its bending forces. Both 
the width and the thickness of the beam 6 can become parameters in the bending force 
design without having to worry about the affect of these parameters would normally have 
on the overall magnetic circuit. This design lends itself most strongly to the double 
contact design in which switched current flows across the end of the beam 6. (That is, 
because this design will most likely result in reducing the cross sectional area of the beam 
6, its electrical resistance will typically be large. This may mean that this design option 
may not lend itself to a single contact point design in which the current flows the length 
of the beam.) 

Conclusion 

Important aspects of the present invention include: 

the switched current path can be isolated from or integrated with the magnetic 
circuit; 

multiple coils, stacked or spread out (in parallel planes or co-planar) can be 
fabricated; 

low temperature electroplating fabrication processes allow integration with 
integrated circuits, fabrication on low-cost substrates (e.g., glass, metal, magnetic 
materials, printed circuit boards, etc.), and low fabrication costs; 
complete integration of all switch components (no assembly required); and 
fabrication of multiple micro-relays on the same die/device, allowing circuit 
interconnections of relays. 

Possible applicadons for the inventive micro-relay are very e.xtensive. The micro-relay 
will be able to act as a one-to-one replacement in areas where traditional electromechani- 
cal relays are presendy being used. Micro-relays capable of carrying low current loads will 
be extremely useful in communications type circuitry. While transistors can carry similar 
loads at similar and ever lower cost, the "ideal" electrical nature of micro-relays make it 
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poss,b.e » ™p.e.en. crcoU conf„ura.io„s e^CuCed by .he opera.,o„a, propen.es of 
:..o.. P. e..p.e. pa... of .C s„.a. oa„ be ,.p,e.=„.a ..as. 
„,„o.e,av whereas .wo .ans.s.cs or a speca. s.heon dev.ee would need .0 he sed. 
ro.e,a.s.acco.da„cew,.h.hep.se„...e«,o„w,.hc..e.ca..,„.ca^^^^^^^^^^ 
,n.he.ngeofUo3a.psw,nbeab,e,oswUch„o™a,ho.eapp,.ancesandco.pu. 

e,„,.e„.. Becauseof.hes.au s.eof.he—e.e,ay.po.enda„.eno_^^^^^ 
, . e area of re.o.e-con.rcUed or ".nrelhgen." houses are opened. S.a dard. d 
lro-re,ays bu,.. e.rher ..o appUances .he.se.ves or ,„co.ora,ed in wah soe.e.s ecu, 
: : an ,ec.r.ca. devices h,h.s, s.ereo e,uipn.en., .o be con.rohed 

„„rra, co.pu.er. .f .he hfe-.,n.e of .,ero-reiays can he emended .0 be s.nd.c^ 
:„,er.hanpresen.dayre,avs,.heypo.en.,anycou,dheused.sw..ch.n.„P^ 

rha could be 99»/.. efficien.. Such suppl.es presently use .rans.s.ors or MOSFETs and 
he es.s.ancesandcos.sofsuchsohds.a.e devices are oneoffheUn,^^^^^ 

:rforn.anceofsuchpowersuppl,es.,f.n.cro-relayswh,charecapab,eofsw^^^^^ 
oSOanrps are designed, appUca,.ons in products .ha. re,u,re.hecon.roloh,,hpw 

can be .Le.ed. One such large nrarke. ts .he au.o.obi.e .ndustry whtch use ar 
ul o;re.ays ,n each autontobtle to control such thin, as headU.hts, w.ndsh.e. 
alrconl„.n.powersea.,..Plna..y,..h.he,„te.rat.onofclrc^^^^^ 
electrontechan,calrelays=ou,dreplaceaKo.e.c,rcuUhrea.erpanelprov,.ng 

e accurate, ntore efficent, and smaller option than available at present. In short, 



ir conQiuoiuug, H"""-' ' - - 

„f..cro.electrontechan,cal re,ays=ouldreplaceaKo.e.sc,rcuithrea.er panel prov ns 
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. *e ,nvent,on can be used In a Une of nticro-relays whose current carry.n, capa^l 
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every single electrical device being produced today. 
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steps may be performed in a different order to achieve similar structures. Furthermore, the 
inventive structures shown above define a "normally open" micro-relay. By torming 
contacts on top of the cantilever beam 6 and defining the electrical contacts 8 to overhang 
a portion of the cantilever beam 6, the micro-relay can be used in a ''normally closed" 

5 mode, where application of current to the coil 3 is necessary to open the circuit by pulling 
the cantilever beam 6 away from the overlying electrical contacts 8. Also, while the 
preferred embodiment uses explicitly defined magnetic circuit return paths, partial 
macnetic circuit return paths may be used as well. Accordingly, it is to be understood that 
the invention is not to be limited by the specific illustrated embodiment, but only by the 

10 scope of the appended claims. 
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CLAIMS 



What is claimed is: 



4. 



A method for fabncatmg a mtcro-electromechamcal relay by the steps ot: 

(a) formmg, by micro-machming techniques, at least one magnetic circuit; 

(b) forming, by m.cro-machmmg techniques, at least one electromagnetic coil for 
interacting with at least one magnetic circuit when electricity is applied to at 
least one electromagnetic coil, 

(c) formme, by m.cro-machmmg techniques, at least one magnetically deHect- 
able structure deflectable by a magnetic force generated by a, least one 
magnetic crcuit in response to the application of electrictty to at least one 
electromagnettc coil so as to swttch elec.ricty upon such deflectton. 

The method of claim 1, wheretn at least one electromagnetic co.l is planar. 

The method of clatm 1, wherein at least one electromagnetic coil is a solenoid. 

The method of claim 1, where.n at least one magnetic circuit is formed of 



magnetic 



material having high magnetic permeability. 
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5. A method for fabricating a micro-electromechanical relay comprising the steps of: 

(a) forming, by micro-machining techniques, at least one first layer of magnetic 
material on a substrate; 

(b) forming, by micro-machining techniques, at least one coil magnetically 
coupled with at least one first layer; 

(c) forming; by micro-machining techniques, at least one electrical contact for 
conducting current through the relay; and 

(d) forming, by micro-machining techniques, at least one second layer of 
magnetic material, in magnetic circuit with at least one first layer and at least 
one coil, a part of at least one second layer defining at least one deflectable 
structure, each deflectable structure being deflectable towards at least one 
first layer when electricity is applied to at least one coiL at least one 
deflectable structure including an electrically conductive portion for 
conducting electricity through at least one of the electrical contacts to 
transition the relay between an open state and a closed state, and wherein the 
magnetic material of at least one of the first layer and second layer has high 
magnetic permeability. 

6. The method of claim 5, wherein the magnetic material having high magnetic 
permeability is permalloy. 

7. The method of claim 5, wherein at least one deflectable structure spans, and 
conducts electricity between, two electrical contacts when the relay is in the 
closed state. 

8. The method of claim 5, including the further step of forming the conductive 
portion of at least one deflectable structure so as to be electrically isolated from 
such deflectable structure. 
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9 The method of claim 5, wherem electr.cUy conducts along at least one deflectable 
structure to at least one electncal contact when the relay ,s m the closed state. 

10 The method of claim 5, further mcludmg the step of formuag at least one 
capackor, in part from at least one deflectable structure, for electrostatically 
holding upon activation, the electrically conductive portion of at least one 
deflectable structure m a selected one of the open and closed states w.thout 
application of electricity to any coil. 



11. The 



method of claim 5, wherein at least one coil is planar. 



12. The method of claim 5, wherem at least one coil is a solenoid. 

13. The method of claim 5, wherein an end of at least one coil is connected to an 
electrical power source through at least one first layer. 

14. The method of claim 5, wherem at least one second layer contacts at least one first 
layer through the interior of at least one coil. 

15. The method of claim 5, wherein each electncal contact includes conductive 
- contact bumps to provide more reliable contact points. 
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1 6. A method for fabricating a spark suppressor micro-electromechanical relay having 
at least one electrical contact and a deflectable structure at least a portion of which 
is deflected with respect to at least one electrical contact when the relay is 
activated, the deflectable structure including an electrically conductive portion for 
conducting electricity through at least one of the electrical contacts to transition 
the relay between an open state and a closed state, the method comprising the step 
of: 

(a) forming, by micro-machining techniques, at least one micro-lightning rod of 
conductive material on the deflectable structure such that at least one micro- 
lightning rod is situated with respect to each electrical contact so as to 
electrically interact with each contact before the electrically conductive 
portion of the deflectable structure makes contact with such electrical 
contacts during transitions of the relay between the open state and the closed 
state. 
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,7 A .e*od for fabncung a spark suppressor „icro-e,ec.romechan,cal relay hav.ng 
at leas, two electr.cal term.nals. at least one electr.cal contact each coupled to at 
leas, one electncal terminal, and a deflectable strucntre a, least a ponion ot whtch 
is defleced with respect to at least one electncal contact when the relay ts 
activated the deflectable structure Including an electrically conductive portion for 
conducn. electncity through at least one of the elec.rtca. contacts to transttion 
the relay between an open state and a closed state, the method con.pr,s,ng the 
Steps of: 

(a) formin., by tnicro-machining .echntques. at least one first nricro-hghtn.ng 
rod of conductive matertal electrically connected to a firs, one of the 

electrical terminals; 

(b) formtntt. by m.cro-machining techniques, at least one second mtcro-ltghtntng 
rod of conducive ma.erial electrically connected to a second one of the 
electrical terminals; 

wherem at least one first m.cro-Ughtnmg rod is spaced from at least one second 
micro-lightning rod so as to form a spark gap. 
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18. A micro-electromechanical relay formed by micro-machining techniques and 
including at least one magnetic circuit, at least one electromagnetic coil for 
interacting with at least one magnetic circuit when electricity is applied to at least 
one electromagnetic coil, and at least one magnetically deflectable structure 
deflectable by a magnetic force generated by at least one magnetic circuit in 
response to the application of electricity to at least one electromagnetic coil so as 
to switch electricity upon such deflection. 

19. The relay method of claim 18, wherein at least one electromagnetic coil is planar. 

20. The relay of claim 18, wherein at least one electromagnetic coil is a solenoid. 

2 1 . The relay of claim 1 8, wherein at least one magnetic circuit is formed of magnetic 
material having high magnetic permeability. 
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24. 



A micro-electromechanical relay comprising: 

(a) at least one first layer of magnet.c material fonmed on a substrate by micro- 

machining techniques; 
(b, at least one coil magnetically coupled with at least one first layer and forced 

by micro-machining techniques; 

(c) at leas, one electrical contact for conducting current through the relay and 
formed by micro-machining techniques; and 

(d) at least one second layer of magnettc mater.al, in magnetic circutt with a. 
least one first layer and at least one cotl and formed by micro-machrn.ng 
technrques, a part of at leas, one second layer defm.ng at least one defiectable 
structure, each deflecable struc.ure being deflectable towards at leas, one 
first layer when electricity is applied to at least one coil, at least one 
deflectable struc.ure including an electrically conductive portion for 
conducing electricty through at least one of the electrical contacts to 
transition the relay between an open state and a closed state, and where.n the 
magnetic material of a. leas, one of .he firs, layer and second layer has hrgh 
magnetic permeability. 

The relay of cla.m 22. wherem a. least one magnetic circutt is formed of magnetic 
material having high magnetic permeability. 

The relay of claim 22, wherein at least one deflectable structure spans, and 
conducts electrtcity between, two electrrcal contacts when the relay >s ,n the 
closed state. 



25. 



The relay of claim 22, wherem the conductive portion of at least one deflectable 
structure is electrically isolated from such deflectable structure. 
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26. The relay of claim 22, wherein electricity conducts along at least one deflectable 
structure to at least one electrical contact when the relay is in the closed state. 

27. The relay of claim 22, further including at least one capacitor, formed in part from 
at least one deflectable structure, for electrostatically holding, upon activation, the 
electrically conductive portion of at least one deflectable structure in a selected 
one of the open and closed states without application of electricity to any coil. 

28. The relay of claim 22, wherein at least one coil is planar. 

29. The relay of claim 22, wherein at least one coil is a solenoid. 

30. The relay of claim 22, wherein an end of at least one coil is connected to an 
electrical power source through at least one first layer. 

31 . The relay of claim 22, wherein at least one second layer contacts at least one first 
layer through the interior of at least one coil. 

32. The relay of claim 22, wherein each electrical contact includes conductive contact 
bumps to provide more reliable contact points. 
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A spark suppressor micro-electromechanical relay including: 

(a) at least one electrical contact; 

(b) a deflectable structure at least a portion of which is deflected with respect to 
at least one electrical contact when the relay is activated, the deflectable 
structure including an electrically conductive portion for conducting 
electricity through at least one of the electncal contacts to transition the relay 
between an open state and a closed state; and 

(c) at least one micro-Ughtning rod of conductive material on the deflectable 
structure such that at least one micro-lightning rod is situated with respect to 
each electrical contact so as to electrically interact with each contact before 
the electrically conductive portion of the deflectable structure makes contact 
with such electrical contacts dunng transitions of the relay between the open 
state and the closed state. 
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34. A spark suppressor micro-electromechanical relay including: 

(a) at least two electrical terminals; 

(b) at least one electrical contact each coupled to at least one electrical terminal; 

(c) a deflectable structure at least a portion of which is deflected with respect to 
at least one electrical contact when the relay is activated, the deflectable 
structure including an electrically conductive portion for conducting 
electricity through at least one of the electrical contacts to transition the relay 
between an open state and a closed state; 

(d) at least one first micro-lightning rod of conductive material electrically 
connected to a first one of the electrical terminals; 

(e) at least one second micro-lightning rod of conductive material electrically 
connected to a second one of the electrical terminals; 

wherein at least one first micro-lightning rod is spaced from at least one second 
micro-lightning rod sufficiently to form a spark gap. 
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